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The roles of the alveolar and systemic CO2 on the lung mechanics were investigated in dogs subjected
to cardiopulmonary bypass. Low-frequency pulmonary impedance data (ZL) were collected in open-
chest dogs with an alveolar CO2 level (FACO2 ) of 0.2–7% and during systemic hypercapnia before and
after elimination of the vagal tone. Airway resistance (Raw), inertance (Iaw), parenchymal damping (G)
and elastance (H) were estimated from the ZL. The highest Raw observed at 0.2% FACO2 , which decreased
markedly up to a FA of 2% (212±24%), and remainedunchangedunder normo- andhypercapnia (FAronchoconstriction
orced oscillations
ardiopulmonary bypass
CO2 CO2
2–7%). These changes were associated with smaller decreases in Iaw (−16.6±3.7%), mild elevations in
G (25.7±4.7%), and no change in H. Signiﬁcant increases in all mechanical parameters were observed
following systemic hypercapnia; atropine counteracted the Raw rises. We conclude that severe alveolar
hypocapnia may contribute to minimization of the ventilation–perfusion mismatch by constricting the
airways in poorly perfused lung regions. The constrictor potential of systemic hypercapnia is mediated
by vagal reﬂexes.. Introduction
Numerous factors contribute to the regulation of the bronchial
one via various excitatory and inhibitory mechanisms, includ-
ng direct neural control and humoral/neural mediators. Carbon
ioxide (CO2) also plays a major role in this regulation: the relax-
tion potential of CO2 on the bronchial smooth muscle has been
emonstrated against the bronchoconstriction induced by con-
trictor drugs (Astin et al., 1973; Sterling et al., 1972). Further,
he bronchoconstriction resulting from temporary regional pul-
onary arterial occlusions is reversed by normalizing the alveolar
O2 partial tension (Allgood et al., 1968; Coleridge et al., 1978;
arke and Astin, 1972; Even et al., 1972; Severinghaus et al., 1961;
wenson et al., 1961; Tisi et al., 1970). In addition to these direct
ffects, bilateral vagotomy or cooling the vagus nerve precludes
he development of bronchoconstriction subsequent to systemic
ypercapnea, demonstrating that CO2 alters the airway caliber
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also via indirect mechanisms mediated through the vagal reﬂexes
(Green and Widdicombe, 1966; Nadel and Widdicombe, 1962;
Parker et al., 1963).
The effects of intra-alveolar CO2 on airway caliber have fre-
quently been investigated in isolated lung models by altering
the fraction of inspired CO2 (FICO2 ). However, in the absence of
neural–humoral control of the airways, which plays an impor-
tant role in the regulation of the bronchial smooth muscle tone
(Chapman and Danko, 1990; Coleridge et al., 1978; Green and
Widdicombe, 1966), these earlier results could hardly give a com-
plete description of the mechanisms involved in a lung with intact
nerves. More comprehensive in vivo investigations have altered
the alveolar CO2 concentrations by changing the breathing pat-
tern (D’Angelo et al., 2001; Ingram, 1975). However, respiratory
resistance and elastance change with varying lung volume and/or
ventilation frequency (Lutchen et al., 1993). Thus, an altered ven-
tilatory pattern itself may affect the lung mechanics so that the
active effects of CO2 in the lungs are biased. Alternatively, regional
hypocapnia studied by unilateral occlusion of a pulmonary artery
was shown to elevate the airway tone (Allgood et al., 1968;
Coleridge et al., 1978; Darke and Astin, 1972; Even et al., 1972;
Severinghaus et al., 1961; Swenson et al., 1961; Tisi et al., 1970).
Nevertheless, a diminished extent of pulmonary perfusion also
gy & Neurobiology 175 (2011) 140–145 141
i
a
1
o
t
o
t
r
d
a
c
b
a
o
m
u
l
d
w
t
w
d
C
d
t
i
p
c
w
n
c
2
2
C
(
A
M
b
m
U
S
a
a
C
m
a
i
3
a
a
U
m
U
r
l
o
g
o
a
b
CE.E. Lele et al. / Respiratory Physiolo
ncreases the systemic CO2 level which may lead to vagally medi-
ted bronchoconstriction (Ingram, 1975; Nadel and Widdicombe,
962). This phenomenon may have a synergistic constrictor effect
n the affected airways, which becomes indistinguishable from
he direct effects of altered intra-alveolar CO2 in the lungs. More-
ver, the pulmonary arterial occlusion approach does not allow
he investigation of hypercapnia and it cannot eliminate the vagal
eﬂexes. Accordingly, none of these in vivo approaches allow a
etailed characterization of how the different CO2 concentrations
ffect the lungmechanics, i.e. the establishment of a dose–response
urve. Despite the fact that the presence of a cardiopulmonary
ypass (CPB) offers ideal conditions for altering both the alveolar
nd circulatory CO2 levels precisely in vivo, without involvement
f the biasing effects of the an altered ventilation pattern or pul-
onary ischemia, the advantages of this approach have not been
tilized for a systematic exploration of the effects of an altered CO2
evel on the airway tone.
Hence, the aims of the present study were (i) to establish a
ose–response curve relating to a wide range of alveolar CO2 level
ithout affecting the ventilation pattern, and (ii) to characterize
he differences in the regulatory role of CO2 on the airway tone
hen it is delivered to the resident gas in the airways or added
irectly to the blood. To achieve these aims, we subjected dogs to a
PB,whichallowsextensivemanipulationof theCO2 level indepen-
ently in the airways and in the oxygenator. While manipulation of
he alveolar CO2 level has an impact on the entire lung, alterations
n the systemic blood CO2 level most probably affect primarily the
roximal airways, since they are supported by the bronchial cir-
ulation with systemic origin. Thus, the lung mechanical changes
ere assessed by using the low-frequency forced oscillation tech-
ique, which permits separate the evaluation of the mechanical
hanges in the central and peripheral lung compartments.
. Materials and methods
.1. Animal preparation
After approval from the Institutional Animal Care and Use
ommittee of the University of Szeged, eight adult mongrel dogs
23.7±5.0 kg) were anesthetized (30mg/kg pentobarbital, iv).
nalgesia was provided by iv injections of fentanyl (5–10g/kg).
uscle relaxation was achieved with an iv bolus of pipecuronium
romide (0.1mg/kg). The dogs were then intubated with an 8–9-
m-internal diameter cuffed endotracheal tube (Portex, Hythe,
K) and ventilated with a Siemens Servo 900C Ventilator (Solna,
weden) in volume-controlled mode. A tidal volume of 10ml/kg
nd a positive end-expiratory pressure (PEEP) of 5 cmH2O were
pplied, and the frequency was set to maintain a normal arterial
O2 level (40mmHg) in the pre-bypass period. The anesthesia was
aintained by continuous iv infusion of propofol (50g/kg/min)
nd the muscle relaxant was administered as needed. After open-
ng of the chest by midline sternotomy, anticoagulant (heparin,
mg/kg) was administered. The ascending aorta and the inferior
nd superior vena cava were then cannulated, and the CPB was
chieved by means of a roller pump (Pemco, Inc., Cleveland, OH,
SA) with non-pulsatile blood ﬂow at 100ml/kg/min and use of a
embrane oxygenator (Spiral Gold Buxter Healthcare Irvine, CA,
SA). A left vent was introduced into the left ventricle through the
ight upper pulmonary vein. During total CPB, the pulmonary circu-
ation was ceased and the lungs were ventilated with a gas mixture
f 50% O2 in air with controlled concentration of CO2 added to this
as mixture from a cylinder attached to the low-pressure gas input
f the respirator. The end-tidal partial pressure of CO2 (PETCO2)
nd FICO2 were monitored (Datex, Oscar Helsinki, Finland). Arterial
loodgas sampleswere analyzed (model 505, AcidBase Laboratory,
openhagen, Denmark).Fig. 1. Schematic illustration of themeasurement set-up. A and B denote collapsible
latex tube segments. PTG, pneumotachograph; Ptr, tracheal pressure; V˙ , tracheal
ﬂow.
2.2. Measurement of airway and parenchymal mechanics
The measurement system for the collection of the forced oscil-
latory input impedance spectra of the pulmonary system (ZL) was
similar to that described in detail previously (Babik et al., 2003;
Hantos et al., 1992, 1995; Kaczka et al., 2009). The set-up used
for impedance measurements during short intervals of suspended
mechanical ventilation is shown schematically in Fig. 1. Two col-
lapsible latex tube segments (A and B) were clamped alternately
to switch the endotracheal tube from the respirator to the oscil-
latory device and back, as follows. During mechanical ventilation,
segment A was open and segment B was closed. Following a few
ventilatory cycles, the respirator was stopped at end-expiration
and its tubing was detached from segment A. Segment B was
then opened and segment A was clamped. In this apneic period,
small-amplitude (1.5 cmH2O peak-to-peak) pseudorandom pres-
sure excitationsweredeliveredby the loudspeaker into the trachea.
The forcing signal contained 30 integer-multiple frequency compo-
nents between 0.2Hz and 6Hz; the 15-s long recordings included
3 complete cycles of the periodic forcing signal. Tracheal ﬂow (V˙)
was measured with a 28-mm ID screen pneumotachograph con-
nected to a differential pressure transducer (ICS Model 33NA002D;
ICSensors, Miltipas, CA). To exclude endotracheal tube impedance
from themeasurements, tracheal pressure (Ptr)wasmeasuredwith
an identical pressure transducer through a 1.5-mm-OD polyethy-
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ene catheter, the tip of which, containing several lateral holes,
as positioned 1.5–2 cm over the distal end of the endotracheal
ube. The cross-power spectra between electric signal driving the
oudspeaker and the measured signals of Ptr and V˙ were computed
y fast Fourier transformation with 10-s time windows and 95%
verlapping.
.3. Separation of airway and parenchymal properties
To separate the airway and the lung tissue mechanics, a model
ontaining a frequency-independent airway resistance (Raw) and
nertance (Iaw) in serieswitha constant-phase tissuemodel (Hantos
t al., 1992), including parenchymal damping (G) and elastance (H),
as ﬁtted to the ZL spectra:
(G − jH)
L = Raw + jωIaw + ω˛
here j is the imaginary unit, ω is the angular frequency (2f) and
=2/ arctan (H/G). The parameters Raw and Iaw can be attributed
o the airways, while G and H represent the viscous (damping or
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resistive component) and elastic properties, respectively, of the
lung parenchyma. The lung tissue hysteresivity () was calculated
as =G/H (Fredberg and Stamenovic, 1989). The model was ﬁtted
to each average impedance spectrum by minimizing the differ-
ences between the measured and the modeled impedance data.
Theoptimizationprocedurewasusedwitha relative (weighted)ﬁt-
ting criterion: the differences between the measured and modeled
impedance values were normalized by the impedance magnitude
at each frequency point (Hantos et al., 1990).
2.4. Experimental protocol
After surgical preparation, alveolar hypocapnia was induced by
applying a total bypass with cessation of the pulmonary blood
ﬂow. This maneuver allowed the decrease of PETCO2 to approxi-
mately 0.1–0.3% (∼0.8–2.3mmHg). A set of ZL data was collected
under these conditions. The alveolar CO2 concentration was then
increased to 7% (∼53mmHg) by applying stepwise elevations of
FICO2 , accomplished by altering the CO2 ﬂow from the cylinder
attached to the low-pressure input of the respirator. After a 2–3-
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in period for the animal to reach equilibrium, other sets of ZL
ata, including 3–5 data epochs, were collected at each PETCO2
evel.
In a subgroup of 5 dogs, the effects of systemic CO2 changes
ere also investigated. After the recording of the dose response
urve to alveolar CO2, FICO2 was set to zero. Ten min later, CO2 was
dded to the oxygenator to achieve an arterial CO2 partial pressure
PaCO2) of 60mmHg and an arterial pH of approximately 7.2, and a
et of ZL spectra were recorded after these target values had been
stablished. To assess the role of thevagal control of the lungsunder
hese conditions, a bolus of atropine was injected into the iv port
f the blood reservoir (0.5mg) in order to eliminate the vagal tone,
nd the ZL measurements were repeated thereafter.Neurobiology 175 (2011) 140–145 143
2.5. Statistical evaluation
Scatters in parameters were expressed in SE values. Repeated
measures one-way analysis of variance (ANOVA) with FICO2 as
variable was applied to compare mechanical parameters. Pairwise
comparisons were performed by using Student–Newman–Keuls
multiple comparison procedures. The effects of systemic acidosis
and the administration of atropine were assessed by using paired
t-tests on the mechanical parameters. Statistical signiﬁcance was
accepted at the p<0.05 level.
3. Results
For a precise statistical evaluation of the changes in the res-
piratory mechanics in response to the alterations of FICO2 , the
values of the model parameters were obtained at discrete FICO2
levels of 0.2% (1.5mmHg), 0.3% (2.3mmHg), 0.5% (3.8mmHg) and
1–7% (7.6–53mmHg) by reading their interpolated values from
ﬁtted hyperbolas to FICO2 vs. Raw, Iaw, G, H and  data in each
individual animal. Fig. 2 depicts the group means of these val-
ues for the airway and lung parenchymal mechanical parameters.
This analysis revealed a markedly elevated Raw (243.2±334.7%,
p<0.05 vs. normocapnia deﬁned as 5% or 38mmHg) at FICO2 lev-
els lower than 1% (7.6mmHg), associated with a smaller decrease
in Iaw (−17.2±25.0%, p<0.05) at lower FICO2 levels. In regards to
the lung parenchymal parameters, G and  were moderately ele-
vated (38.4±63%, 22.5±2.7%, respectively; p<0.05 for both) at low
FICO2 , whereas no signiﬁcant changes occurred in H (15.2±21.5%;
NS) throughout the study protocol. There were no detectable
alterations in Raw, Iaw, G, H and  in the presence of alveolar hyper-
capnia.
The airway and lung tissue mechanical parameters determined
before and after systemic acidosis, and the subsequent effects of
atropine, are demonstrated in Fig. 3. Raw and Iaw were markedly
and statistically signiﬁcantly increased (p<0.001 for both) in the
presence of systemic hypercapnia and acidosis. Further, the admin-
istration of atropine counteracted this rise in Raw statistically
signiﬁcantly, while atropine had no effects on the elevated Iaw.
The systemic acidosis induced mild, but statistically signiﬁcant
increases in G (p=0.02) and H (p<0.001), which were not affected
by the administration of atropine.
4. Discussion
In the present study, the alterations in the airway and lung
parenchymal mechanical properties were investigated when dif-
ferent levels of CO2 were maintained in the alveoli and in the
systemic circulation. The application of extracorporeal circulation
in the experimental design allowed the manipulation of intra-
alveolar CO2 levels in a wide range to establish a dose–response
curve. The current experiments revealed the potential of alveo-
lar hypocapnia to increase the airway tone markedly with minor
alterations in the pulmonary tissue parameters. The dose–response
curve of the Raw to CO2 revealed that, instead of a gradual increase
in the bronchial tone, there was a sharp elevation in Raw at very
low alveolar CO2 levels (≤1% or ≤7.6mmHg). In contrast with
the neutral effects of alveolar hypercapnia on the lung mechan-
ics, hypercapnia induced into the systemic circulation generated
signiﬁcant elevations in both the resistive and inertive airway
parameters and the parenchymal resistance and elastance values.ditions were inhibited by elimination of the vagal activity with
atropine. However, vagal blockade with atropine did not reverse
the deteriorated lung parenchymal mechanics in the presence of
systemic hypercapnia and acidosis.
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The present study was designed to characterize the effects of
O2 through wide-ranging chances of its concentration in the alve-
lar gas or in the blood in the systemic circulation, while the intact
eurohormonal control was maintained. Utilization of a CPB was
deal for these purposes, since this approach not only allows the
nvestigation of severe alveolar hypocapnia, but also permits inde-
endent manipulation of the alveolar and systemic CO2 levels.
ystemic acidosis and hypercapnia with alveolar normocapnia can
xist only in the presence of a bronchial circulation without pul-
onary blood ﬂow (as is the case during CPB), for otherwise the
levated systemic CO2 would consequently appear in the alveoli.
ice versa, the elevated FICO2 during CPB has no direct systemic
ffects, as the interrupted pulmonary circulation cannot transmit
he CO2 induced into the systemic circulation. We elevated PETCO2
evels in increasing order to minimize the time necessary to reach
new equilibrium. There were no obvious temporal changes in
he lung mechanical parameters during the experiments, and suf-
cient time was allowed for the animals to reach equilibrium in
he lungs and the systemic circulation after establishing each CO2
evel. Although the randomized order of the CO2 levels would have
ecreased the potential temporal effects in the experiments, the
ncreasing order of PETCO2 was not likely to affect our ﬁndings sig-
iﬁcantly.While thebronchoprotectingpotential of propofolmight
ave blunted the constrictor effects of CO2 (Brown and Wagner,
999), our dose was much lower than that proved to be effective
gainst metchacholine-induced bronchoconstriction.
While the airway parameters Raw and Iaw determined in the
resent study during normocapnia agree well with those reported
reviously in open-chest dogs, the current lung tissue parameters
and H appear to be somewhat larger (Hantos et al., 1990, 1992).
his discrepancy is most probably due to the lack of pulmonary cir-
ulation in the present experiments which compromises the lung
issuemechanics via loss of the tethering effect exerted by the ﬁlled
ulmonary capillaries (Petak et al., 2004). However, this bias was
ndependent of the alveolar or systemic CO2 levels; and thus, the
ain ﬁndings of the present study are not affected by this phe-
omenon.
.1. Effects of alveolar hypocapnia and hypercapnia
A number of previous in vivo or ex vivo studies have reported
he constrictor response of the lungs to alveolar hypocapnia. The
ronchoconstrictive effect of a moderately low airway CO2 con-
entration on the airway smooth muscle has been well established
nder in vivo conditions by manipulating the ventilation pattern or
y occluding the pulmonary artery in various experimental mod-
ls (Coleridge et al., 1978; D’Angelo et al., 2001; Newhouse et al.,
964;Nielsen andPedersen, 1976;O’Cain et al., 1979; Severinghaus
t al., 1961; Smith et al., 1979; Sterling, 1968; Tisi et al., 1970).
tudy of the inﬂuence of severe hypocapnia (<0.3% or <2.3mmHg
O2), which is feasible only under in vitro conditions (Duane et al.,
979; Ingram, 1975; Lindeman et al., 1998), further conﬁrmed
he development of a severe airway narrowing while extremely
ow alveolar CO2 levels were maintained. Similarly to those ear-
ier ﬁndings, in the present study we observed signiﬁcant increases
n Raw in response to decreases of the level of alveolar CO2. These
hanges were associated with small elevations in G and , and mild
ecreases in Iaw. Since this pattern of change in the lung mechan-
cal parameters was manifested during airway constriction with
arked ventilation heterogeneities (Lutchen et al., 1996; Petak
t al., 1997), we may conclude that alveolar hypocapnia exerts con-
trictions on both the central (leading to marked elevations in Raw)
nd the peripheral airways (leading to ventilation heterogeneities
eﬂected by apparent increases in  and decreases in Iaw).
The results relating to the effects of alveolar hypercapnia on
he lung mechanics are more conﬂicting. Alveolar hypercapniaNeurobiology 175 (2011) 140–145
has been reported to elevate (Jammes et al., 1985; Nadel and
Widdicombe, 1962; Parker et al., 1963; Waldron and Fisher, 1988),
decrease (Astin et al., 1973; Ingram, 1975; Sterling et al., 1972),
or cause no changes in (Green and Widdicombe, 1966; Rodarte and
Hyatt, 1973) the total lung resistance (RL). The results of thepresent
study, obtained under well-controlled conditions, corroborate the
lattermost of the earlier ﬁndings by demonstrating neutral effects
of alveolar hypercapnia on the lung mechanics.
As far as we are aware, there has been only one previous
in vivo study in which the changes in lung mechanical parame-
ters were evaluated by measuring lung interrupter resistance (Rint)
during wide-ranging alterations in the level of intra-alveolar CO2
(D’Angelo et al., 2001). Our results indicating an increase inRaw cor-
respondwellwith those obtainedpreviously in theRint, in the range
where the intra-alveolar and intra-arterial CO2 overlap. Neverthe-
less, in consequence of the presence of a pulmonary circulation in
the previous experiments, the minimum alveolar CO2 partial pres-
sure attained was ∼20mmHg (which corresponds to 2.6% in the
present study). Thus, the noteworthy feature of the dose–response
curve in Raw to the altered intra-alveolar CO2, the sharp increase in
this parameter when FICO2 decreased to 1% (7.6mmHg), remained
undetectable in that previous study. This highly non-linear feature
of the dose–response curve may be of importance in the adapta-
tion mechanisms of the lungs to altered conditions via regulation
of the ventilation distribution. Hyperventilation initiated regularly
by the central nervous system to compensate hypoxemia (e.g. dur-
ing exercise) may reduce the intra-alveolar CO2, but this decrease
cannot reach a concentration of <2% (15.2mmHg) (D’Angelo et al.,
2001). Our data indicate no detectable bronchoconstriction under
these conditions (Fig. 2), which is a sensible physiological response
as the lung function remains normal to maintain optimum gas
exchange. Intra-alveolar CO2 concentrationsof <1% (7.6mmHg) can
develop in lung regions with no or only a severely diminished pul-
monary perfusion, such as those observed following pulmonary
embolism. Our data suggest the development of a severe airway
smooth muscle contraction in these affected lung regions, which
may subsequently contribute to redirection of the airﬂow to the
lung areas where the pulmonary perfusion is intact; consequently,
this regulatory mechanism reduces the ventilation–perfusion mis-
match. This mechanism is expected to be most effective if it affects
the small airways in the lung periphery. Indeed, the involvement of
peripheral airways in hypocapnia-induced bronchoconstriction is
substantiated by the proportionally greater increases inG than inH
leading to elevations in , a hallmark feature of the presence of het-
erogeneous peripheral airway constriction with the development
of ventilation heterogeneities (Lutchen et al., 1996).
4.2. Systemic hypercapnia and acidosis
In the present study, systemic acidosis via systemic hypercapnia
was produced by supplying CO2 into the extracorporeal circula-
tion (into the oxygenator). An elevated level of systemic CO2 may
exert its pulmonary effects via direct and indirect pathways. As
concerns the direct effects of excess systemic CO2, it most proba-
bly reaches the cells of the tracheobronchial tree in the terminal
bronchioles, via the bronchial circulation, and then gains access
direct to the proximal airway smooth muscle cells. Previous stud-
ies on denervated bronchi indicated a relaxation of the airway
smooth muscle, suggesting the presence of direct CO2-mediated
bronchodilatation (Duckles et al., 1974; Nadel and Widdicombe,
1962). This discrepancy suggests that, in the present study, the
direct bronchodilation activity of CO2 was overwhelmed by vagaly
controlled indirect effects of systemic hypercapnia. Indeed, unlike
the conﬂicting results concerning the pulmonary effects of alveolar
hypercapnia, there is a consensus in the literature on the bron-
choconstrictor potential of systemic hypercapnia when the neural
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ontrol of the lungs remains intact (Green and Widdicombe, 1966;
ngram, 1975; Nadel and Widdicombe, 1962; Parker et al., 1963).
he inhibitionof acetylcholine release fromthevagal efferent nerve
ndings on the airways by the administration of atropine almost
ully reversed the increases in Raw, while the elevations in the lung
issue parameters were essentially unaffected. This latter fact may
e related to the effective but incomplete blockade of the vagus
erve by the atropine applied in a dose of 0.5mg/kg (Brown and
itzner, 1996). This points to a more pronounced role of the vagus
erve in regulating the central airways following systemic CO2
hanges, which accords well with earlier results demonstrating
he primary site of vagal control in the central conducting airways
Jackson et al., 1981; Ludwig et al., 1987).
.3. Summary and conclusions
In the present study, extracorporeal circulation was applied to
haracterize the changes in airway and lung tissue mechanics dur-
ng wide-ranging changes of the level of intra-alveolar CO2 and
ollowing the induction of systemic hypercapnia and acidosis. Alve-
lar hypercapnia with the maintenance of a physiological CO2 level
n the systemic circulation exerted no effect on the lungmechanics.
n contrast, systemic hypercapnia and acidosis mainly generated
entral airway constriction,mediated primarily by the vagus nerve.
ecrease of the CO2 concentration in the intrapulmonary gas to
elow the physiological value had no detectable effect on the lung
echanics until a concentration of ∼2% (15.2mmHg) was reached,
hereas severe bronchoconstriction with marked ventilation het-
rogeneities in the lung periphery developed sharply when the
ntra-alveolar CO2 concentrationwas lowered to <2% (15.2mmHg).
his biphasic feature of the dose–response curve may be of impor-
ance as concerns decreases in the ventilation–perfusion mismatch
ia redirection of the airﬂow to the well-ventilated lung areas from
hose lung regionswhere the pulmonary perfusion is severely com-
romised.
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